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Abstract
The accuracy of ECMWF (European Centre for Medium-Range Weather Forecasts)
temperatures have been investigated by comparison to radiosonde temperatures. Par-
ticularly, the extent of temperatures below which Polar Stratospheric Clouds (PSCs)
consisting of nitric acid trihydrate can exist (TNAT) has been studied. In the 1999/20005
winter analyses and in the 40 year reanalyses (ERA40) from the winter 1996/1997 the
analysed extent agrees quite well with the radiosondes extent, whereas the 2002/2003
winter analyses considerably overestimate the extent from 40-11 hPa. Close to the frost
point small-scale temperature variations, which ECMWF does not catch, substantially
increase the extent of these low temperatures. Some of these small-scale variations10
are caused by lee-waves.
1. Introduction
Temperatures are important in many aspects of atmospheric research and many stud-
ies have investigated the accuracy of analysed temperatures (e.g. Hertzog et al., 2003;
Pommerau et al., 2002; Knudsen et al., 2002; and references therein). Ozone depletion15
in the Polar Regions is enhanced, when PSCs form at low temperatures. Therefore, a
particular interest has been the accuracy of such low temperatures. Knudsen (1996)
and Manney et al. (1996) compared various analyses to radiosonde temperatures and
found substantial warm biases of the analyses. Pullen and Jones (1997) compared UK
Meteorological Office (MO) analyses to partially independent ozonesondes and also20
found a warm bias. Davies et al. (2002) showed good agreement between radioson-
des and ECMWF at low temperatures and poor agreement with MO due to erroneous
ozone concentrations in the model climatology in the winter 1999/2000 (Manney et al.,
2003). Manney et al. (2003) intercompared the PSC areas calculated from various
analyses and found substantial differences. The present study updates these findings25
to the latest ECMWF analyses and the ERA40 reanalyses and presents some new
insights concerning the role of small-scale temperature variations.
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2. Data
2.1. ECMWF analyses
In the winter 1999/2000 ECMWF used a T319 spherical harmonical model, with 60
vertical levels up to 0.1 hPa. The spacing in the stratosphere is 1.5 km (Simmons et al.,
1999) (levels used here are at or near 10, 12, 15, 19, 23, 29, 36, 44, 55, 67, 80, 96,5
and 113 hPa). A 4-D variational assimilation scheme (Rabier et al., 1999) is used. The
analyses are extracted from T106 truncated spherical harmonical fields. In the winter
2002/2003 a T511 truncation was used. On 22 January 2002, ECMWF introduced
model changes concerning the assimilation of high resolution Advanced Microwave
Sounding Unit (AMSU) data, which significantly increased the number of data in the10
Arctic.
In the winter 1996/1997 the ECMWF 40 year reanalyses (Simmons and Gibson,
2000) are used. They are produced with a T159 model using a 3-D variational assim-
ilation. On 1 January 1997, the assimilation was changed, so to avoid spin-up effects
the first 7 days of January were omitted. The late start this winter has no practical impli-15
cations cause no temperatures below TNAT were observed in the first part of the winter.
The reanalysis in the winter 1995/1996 has only been used in one figure. However,
the temperature accuracy in the winter 1995/1996 is not significantly different from the
winter 1996/1997, except below 61hPa where unusually low ozone mixing ratios may
have caused a cooling. The period 14–21 December 1995 is omitted due to excessive20
errors caused by almost no radiosondes reaching 30 hPa in the Arctic.
2.2. Radiosondes
In this study November–March radiosondes from 50◦ − 90◦N, and 140◦W−140◦ E are
used, because this is where most PSC’s occur (Pawson et al., 1995). Only 00:00
and 12:00 UT sondes are used. The sondes have been taken from the ECMWF GTS25
archives, and only the uncorrected data are used. For consistency primarily Vaisala
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radiosondes have been used, although the Russian sondes perform very well at night
(Luers and Eskeridge, 1998). Mainly sondes inside the polar vortex have been used.
The Vaisala radiosondes have a reproducibility of 0.2K and small IR/solar radiation
corrections. According to WMO (1998), the Canadian sondes used the radiation cor-
rection V93 and most other stations with Vaisala sondes used the V86 correction by5
the beginning of 1998. The V86 correction leads to approximately 0.3K higher temper-
atures at 30 hPa (0.7K at 10 hPa) during night.
In the winter 2002/2003 the Vaisala radiosonde type RS90 was used occasionally by
several European and Greenland stations. Its temperature sensor has a much faster
response than the one used in the RS80 radiosonde, which could lead to differences10
in the temperature measured, when there is a vertical gradient in the temperature.
2.3. Filtering out atmospheric waves
Atmospheric waves have a great influence on stratospheric temperatures. To de-
termine the amount of wave activity the procedure by Whiteway (1999) has been
adopted. Therefore, the temperature perturbations from a background state (a cubic15
polynomial fit to the measured temperature profile) were calculated. The perturbation
potential energy density, Ep, was determined as the variance of fractional perturbation
multiplied by 12 (g/N)
2, where g is the acceleration of gravity and N is the buoyancy
frequency (Whiteway, 1999). Ep was calculated in the pressure range 150–50hPa
(12–19 km), whereas Whiteway (1999) used 11–18 km. The amount of wave activity20
was then classified in the following way:
Ep < 1 J/kg: inhibited wave activity,
Ep > 2 J/kg: enhanced wave activity.
25
This procedure does not work for waves with wavelengths longer than 7 km in
the vertical, but such strong waves would usually be accompanied by waves of
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shorter wavelengths. However, a few strong lee-wave events with long wavelengths
and temperatures close to the frost point have been re-classified as enhanced wave
activity. The vertical resolution at ECMWF is 1.5 km, so waves with wavelengths
shorter than 3 km cannot possibly be resolved. In most of this study only data with
inhibited wave activity have been used.5
3. Results
The ECMWF temperatures are an average over a whole model layer. Therefore the
radiosonde temperatures have been averaged over the same layers for the com-
parison. Figure 1 shows the distribution of temperature biases between radiosonde
and ECMWF temperatures (TOBS-TECM) around 30hPa (40–26 hPa) for the winter10
1999/2000. To avoid the influence of e.g. occasional errors in the radiosonde data,
temperatures more then 20K away from the ECMWF temperatures have been disre-
garded. Further the median temperature bias is used instead of the mean and the
68% fractile of the absolute temperature bias is used instead of the standard deviation.
The distributions are compared to Gaussian distributions with the median as mean and15
68% fractile as standard deviation. It is evident that the observed distribution has much
larger wings than the Gaussian distribution. In fact temperature differences above 2K
occur in about 3% more of the observations than for the Gaussian distribution for in-
hibited wave activity. Not surprisingly it occurs more often for enhanced activity (about
4%) and the 68% fractile is also larger (0.87K compared to 0.81K). Below TNAT the20
68% fractiles become larger and most of the outliers occur here.
In Table 1 the median biases (TOBS−TECM) and 68% fractiles of the absolute biases
are shown for inhibited wave activity for the winter 1999/2000. The numbers of points
are given in the parentheses. Above 26 hPa the number of layers increases, leading
to a larger number of points even though less radiosondes reach this height. The25
median and 68% fractile are small except for above 26hPa, where both ECMWF and
radiosonde errors become larger. The largest radiation corrections occur during day-
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light, so it is no surprise that the 68% fractile decreases for night time data as seen in
row 2 of the table. However, the median is almost unchanged.
In row 3 the differences to the first guess field are shown. There is a substantial
increase in the median of the first guess compared to the analyses. Thus the ECMWF
model has a cold bias, which can partially explain the positive median for the analyses5
above 26hPa. Other explanations include problems with the radiosonde temperatures
due a possible use of V86 radiations corrections for some of the radiosonde stations
or a reduction of the ventilation of the temperature sensor as suggested by Luers and
Eskeridge (1998). To get a feeling for the variability during the winter the February–
March median for the analyses is shown in row 4, and it is evident that only minor10
differences occur.
In row 5 the results for temperatures below TNAT are shown. Knudsen (1996) found
a substantial warm bias of the ECMWF temperatures in February and March 1996
below TNAT from 125–25 hPa. The results from this study show that this bias almost
vanished in 1999/2000, but as we shall see below, a substantial cold bias occurred in15
2002/2003. The results for temperatures below TICE + 2.5K in row 6 indicate a warm
bias of such low ECMWF temperatures at 30 hPa. To get a fair statistic one must select
for occasions where either observed or modelled or both temperatures are below the
given threshold temperature (Manney et al., 1996).
ECMWF temperatures have been compared to completely independent observa-20
tions on long-duration balloons. The results in row 4 agree well with the results of
Pommereau et al. (2002) and Knudsen et al. (2002) for a flight from 18 February – 6
March 2000. Below 30hPa they get a bias and standard deviation of 0.49 and 0.91K,
respectively. Their larger standard deviations could be due to the use of non-layer av-
erages, and their larger biases (by ∼0.25K) might be caused by a lower accuracy of25
the temperature sensors. Hertzog et al. (2003) used long-duration balloon tempera-
tures in the 2001/2002 winter vortex around 70 hPa to show a cold bias of ECMWF
temperatures of 0.3K with a standard deviation of 0.8K in good agreement with the
results for the 1999/2000 winter shown here. Their standard deviations agree better
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with the standard deviations of the first guess field (row 3 in Table 1), which may be a
more appropriate comparison.
One problem with the comparison to radiosonde temperatures is that they are assim-
ilated into the ECMWF model together with e.g. satellite data. Therefore the ECMWF
first guess, which is the 6–12 h forecast from the previous analysis, has also been5
used. The first guess is independent from individual radiosonde data, but a general
bias of all Vaisala radiosondes could in principle be transferred to the ECMWF analy-
ses. There is no evidence, however, that such a bias should exist as indicated by the
good agreement with the results mentioned above. It should be mentioned that the first
guess field contains forecast errors. In data sparse regions the quality of the analyses10
might be reduced to one comparable to that of the first guess field. This might e.g. be
the case at high latitudes for the first two winters, since less AMSU data were used in
the assimilation before 22 January 2002.
Figure 2 shows the ECMWF temperature bias during night time for all inhibited ra-
diosondes with at least 10 observations. This is the only plot where Russian radioson-15
des and radiosondes outside the vortex have been included. Some of the westernmost
Canadian radiosonde stations use the VIZ type radiosondes, which can lead to large
discrepancies if uncorrected. However, temperatures below TNAT are very rare at these
stations. In 1996/1997 there is (erroneously) a negative (warm) bias over the Cana-
dian stations, which could be related to their use of the Vaisala V93 radiation correction20
scheme. In the winter 2002/2003 there is a general positive (cold) bias, which is also
present for the more accurate occasional RS90 radiosoundings. The large biases over
Russia may be evidence for a deteriorating Russian radiosonde network.
The size of the stationary anomalies found by Bowman et al. (1998) and Wagner and
Bowman (2000) are not seen in the ECMWF biases. In the operational ECMWF data25
from 1994/1995 there are indeed signs of such large anomalies at 30 hPa (Knudsen et
al., 1996). These stationary anomalies could be caused by different radiosonde types
(Lait, 2002). The reason for the small ECMWF anomalies might be the radiosonde
bias correction scheme implemented at ECMWF: For 4 solar zenith angle intervals the
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radiosonde temperatures are corrected for the biases with respect to the first guess
field for the preceding year (Onogi, 2000).
3.1. Accuracy of the PSC extent in the analyses
Figure 3 shows the percentage increase in the extent of radiosonde temperatures (with-
out vertical averaging) relative to the ECMWF extent in 2K wide temperature bins. Only5
data for inhibited wave activity with both accumulated radiosonde and ECMWF extents
larger than 4 km in the vertical are plotted. Generally, there is an increase in the ex-
tent towards lower temperatures, but note that the errors also increase towards lower
temperatures because the decreasing amounts of data. The increased extent of frost
point temperatures is not nearly as large as extrapolated for Meteorological Office anal-10
yses in 1994/1995 (Pullen and Jones, 1997). Below 26hPa (40 hPa in 2002/2003) the
extent of temperatures below TNAT (filled symbols at T–TICE ∼7K) are within 10% of
the extent based on radiosondes. In the first guess fields the extent below 26hPa is
generally within 20%. Not surprisingly the largest discrepancies occurs above 26 hPa,
where ECMWF fields always overestimate the extent of PSCs on average. Manney15
et al. (2003) found very large discrepancies between PSC areas calculated with six
different meteorological analyses in the winters 1995/1996 and 1999/2000. Compared
to radiosonde observations the ECMWF PSC areas have much smaller discrepancies
in 1999/2000, but in 2002/2003 comparable discrepancies are found at 30 hPa.
In Fig. 4 the vertical extent (summed over all radiosondes) from 105-11 hPa of tem-20
peratures below TICE and TICE + 2.5K are shown for ECMWF, radiosonde layer mean
and the exact radiosonde temperatures for four winters. Both instances of inhibited
and non-inhibited wave activity are used here. In the winters 1995/1996, 1996/1997,
and 1999/2000 the radiosonde layer mean temperatures lead to a larger extent of low
temperatures than ECMWF. This is partially due to lee-waves. The hatched regions25
tentatively indicate the influence of lee-waves as described in appendix A. In the winter
2002/2003 the ECMWF temperatures have a substantial cold bias. In this winter no
attempt to quantify the role of lee-waves below the frost point was made due to the un-
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certainties being too large. The largest effect of lee-waves is seen below the frost point,
whereas for all temperatures below TNAT lee-waves have hardly any effect (not shown).
The extent of the low temperatures is always larger for the exact radiosonde temper-
atures than for the layer averaged temperatures because such low temperatures are
more likely to occur at the temperature minimum. Small-scale temperature variations,5
which ECMWF does not catch, thus substantially increase the extent of temperatures
close to the frost point. Some of these fluctuations are due to lee-waves. The ex-
treme coldness in the winter 1995/1996 might explain why the fraction of frost point
temperatures explained by lee-waves is smaller that year. It might be that the use of
high-resolution radiosonde data would further increase the extent of these low temper-10
atures in the observations. In a warm winter with small extents of temperatures below
TNAT ECMWF would probably likewise substantially underestimate these extents.
Do¨rnbrack and Leutbecher (2001) have shown that mountain waves enhance the
potential for ice formation over Scandinavia in January by more than a factor of two.
Scandinavia, however, is not the place where temperatures below TNAT most frequently15
occur (Pawson et al., 1995). Our study shows a much smaller effect of mountain waves
on the ice formation potential, but this might be attributable to the large differences
between the methods used. Especially the use of four relatively cold winters in this
study might influence the results. A complicating factor is that the ECMWF model itself
does simulate some mountain waves, particularly in the 2002/2003 winter, when the20
horizontal resolution was highest.
3.2. Temperature corrections
The half-filled symbols in Fig. 5 indicate the median bias (TOBS–TECM) for all tempera-
tures below TNAT and below TICE + 2.5K. Points based on fewer than 5 observations
are not plotted, whereas points based on 5–10 observations are only plotted if the 68%25
fractile of the absolute biases are less than 1.5K. Figure 5 is more or less a reflection
of Fig. 3. Similar to Fig. 3 the first guess biases generally have the same sign as the
analysis biases, but are larger numerically. This indicates that systematic model errors
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play a role in the temperature biases of the analyses.
Other symbols in Fig. 5 show the temperature correction needed to obtain the ob-
served PSC extent (without vertical averaging). This is a somewhat constructed quan-
tity, which is not as robust against radiosonde errors as the median. However, this
correction is the one to apply to e.g. a chemical transport model to get the most realis-5
tic PSC extent on average through the winter. Programmes to apply these temperature
corrections (from the regression lines) to ECMWF temperatures can be downloaded
from ftp://ftp.dmi.dk/pub/Ozon/ecmwftcorrections/.
In the winters 1996/1997 and 1999/2000 the temperature corrections for the analy-
ses are small, while they are somewhat larger for the first guess fields. This is particu-10
larly true in 1996/1997 and is maybe due to the use of a poorer model for ERA40. In the
winter 2002/2003 the analysis corrections are larger, particularly above 40 hPa, but for
the first guess fields the corrections are about the same. The general increase towards
the frost point in Fig. 3 is reflected in Fig. 5 as a general decrease of the temperature
corrections towards the frost point.15
Figure 5 shows a substantial cold bias of ECMWF temperatures in the winter
2002/2003 from 11–40hPa. It is difficult to point to a single cause of the large bi-
ases, but it may be connected to the assimilation of low-vertical-resolution satellite
data. Radiosonde errors do increase at the top levels, but such a large systematic bias
is unlikely, especially during night time. Due to the 4D variational data analysis with20
12h assimilation window the first guess field is a 12 h forecast of the previous analyses
in the winter 2002/2003. This should increase the forecast errors, but in fact the results
for the first guess field is quite similar to the results for the analyses at least in the
mean. The large discrepancies between the filled and half-filled symbols below TNAT
in the 2002/2003 winter are due to the substantial cold bias of ECMWF temperatures25
this winter.
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4. Conclusions
The accuracy of ECMWF (European Centre for Medium-Range Weather Forecasts)
temperatures have been investigated by comparison to radiosonde temperatures. One
problem with this comparison is that the radiosonde temperatures are assimilated in
the model. However, using the ECMWF first guess fields (i.e. the 6–2 hourly forecasts5
from the previous analyses), which are independent from the radiosonde data, gives
comparable results. Below 26hPa (40 hPa in 2002/2003) the extent of temperatures
below TNAT are within 10% of the extent based on radiosondes. In the first guess
fields the extent below 26hPa is generally within 20%. Not surprisingly the largest
discrepancies occurs above 26 hPa, where ECMWF fields always overestimate the10
extent of PSCs on average.
Appendix A: Effect of lee-waves
It is not obvious how to define the effect of lee-waves on the PSC extents. The following
definition is chosen: The extent of temperatures below a given threshold for ECMWF,
radiosonde and radiosonde mean layer temperatures is denoted Eec, Er , and Erm. The15
extent of the inhibited data has added an ”i” in the subscript. The extent of the hatched
(lee-wave caused) green part is defined as:
Erm − Ermi (Eec/Eeci ). (1)
If this quantity is larger than the green area by an extent, x, then an extent, x, of the
blue area is hatched. Thus, the blue-hatched region shows how much smaller the PSC20
extent would be for the radiosonde layer mean data with only inhibited wave activity.
This occurs when ECMWF has a cold bias compared to the radiosonde layer mean
temperatures at the temperature threshold.
The extent of the red-hatched region is defined as:
Er − Eri (Erm/Ermi ). (2)25
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In the case of 1997, where no temperatures below the frost point occur for inhibited
wave activity, everything is hatched.
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Table 1. Median temperature biases (TOBS−TECM) and 68% fractiles for 1999/2000 (K)
Layer (hPa) 105-61 61-40 40-26 26-11
1. analyses 0.08±0.55 (3534) 0.16±0.69 (3547) 0.08±0.81 (3371) 0.60±1.16 (6397)
2. night time 0.06±0.54 (2027) 0.11±0.64 (2113) −0.01±0.76 (1804) 0.58±1.08 (3312)
3. first guess 0.06±0.81 (3615) 0.06±0.98 (3564) 0.05±1.19 (3314) 0.91±1.66 (6368)
4. Feb-Mar 0.09±0.55 (2076) 0.24±0.68 (1628) 0.25±0.81 (1617) 0.61±1.20 (2991)
5. T<TNAT 0.04±0.59 (671) 0.26±0.69 (866) −0.14±0.87 (647) 0.54±1.17 (409)
6. T<TICE+ 2.5K 0.79±0.39 (6) 0.11±0.84 (60) −0.65±0.76 (66) 0.48±1.21 (43)
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Figure 1. Histogram of the temperature biases for inhibited (a) and enhanced (b) wave 
activity. The histograms for temperatures below TNAT are shown in bold. 
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Figure 1. Histogram of the temperature biases for inhibited (a) and enhanced (b) wave 
activity. The histograms for temperatures below TNAT are shown in bold. Fig. 1. Histogram of the temperature biases for inhibited (a) and enhanced (b) wave activity.
The histograms for temperatures below TNAT are shown in bold.
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Figure 2. 30 hPa night time temperature biases (TOBS-TECM) north of 50ºN in the winters 
96/97 (ERA40), 99/00, and 02/03. Red minuses indicate a warm bias of ECMWF relative to 
the radiosondes, whereas blue plusses indicate a cold bias. These follow the scale in the 
legend, whereas green dots indicate biases of magnitude less than 0.2 K. Latitude circles are 
50º, 60º, and 80ºN and the Greenwich meridian is at the bottom. 
 
Fig. 2. 30 hPa night time temperature biases (TOBS-TECM) north of 50
◦ N in the winters
1996/1997 (ERA40), 1999/2000, and 2002/2003. Red minuses indicate a warm bias of
ECMWF relative to the radiosondes, whereas blue plusses indicate a cold bias. These fol-
low the scale in the legend, whereas green dots indicate biases of magnitude less than 0.2K.
Latitude circles are 50◦, 60◦, and 80◦ N and the Greenwich meridian is at the bottom.
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Figure 3: Percentage increase in the extent of temperatures within 2 K wide bins when using 
radiosonde temperatures compared to when using ECMWF temperatures. Filled symbols 
show the increase for all temperatures below TNAT. 
Fig. 3. Percentage increase in the extent of temperatures within 2K wide bins when using
radiosonde temperatures compared to when using EC WF temperatures. Filled symbols show
the increase for all temperatures b low TNAT.4427
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Figure 4. Vertical extent of temperatures below TICE + 2.5 K (a) and TICE (b) from 105-11 hPa 
for ECMWF (blue), radiosonde layer mean (green) and the exact radiosonde temperatures 
(red) for four winters. The hatched regions tentatively indicate the influence of lee-waves as 
described in the appendix. 
Fig. 4. Vertical extent of temp ratures below TICE + . K ( ) and TICE (b) from 105–11hPa for
ECMWF (blue), radiosonde layer mean (g e n) and the exact radi sond t mperatures (red) for
four winters. The hatched regions tentatively indicate the influence f l e-waves as described
in the appendix.
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Figure 5: Temperature corrections needed to obtain the observed extent of temperatures in 2 
K wide temperature bins in winter for the analyses in 1996/97 (ERA40) (a), 1999/2000 (b), 
and 2002/2003 (c) and for the first guess fields in 1996/97 (ERA40) (d), 1999/2000 (e), and 
2002/2003 (f). Linear regression lines are also shown. The filled symbols show the 
corrections needed for all temperatures below TNAT. Half-filled symbols shows the median 
bias for temperatures below TNAT and TICE + 2.5K. 
Fig. 5. Temperature corrections
needed to obtain the observed
extent of temperatures in 2K
wide temperature bins in winter
for the analyses in 1996/1997
(ERA40) (a), 1999/2000 (b),
and 2002/2003 (c) and for the
first guess fields in 1996/1997
(ERA40) (d), 1999/2000 (e), and
2002/2003 (f). Linear regression
lines are also shown. The filled
symbols show the corrections
needed for all temperatures be-
low TNAT. Half-filled symbols
shows the median bias for tem-
peratures below TNAT and TICE +
2.5K.
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